The regulatory protein calmodulin is a major mediator of calcium-induced changes in cellular activity. To analyze the roles of calmodulin in an intact animal, we have generated a calmodulin null mutation in Drosophila melanogaster. Maternal calmodulin supports calmodulin null individuals throughout embryogenesis, but they die within 2 days of hatching as first instar larvae. We have detected two pronounced behavioral abnormalities specific to the loss of calmodulin in these larvae. Swinging of the head and anterior body, which occurs in the presence of food, is three times more frequent in the null animals. More strikingly, most locomotion in calmodulin null larvae is spontaneous backward movement. This is in marked contrast to the wild-type situation where backward locomotion is seen only as a stimuluselicited avoidance response. Our finding of spontaneous avoidance behavior has striking similarities to the enhanced avoidance responses produced by some calmodulin mutations in Paramecium. Thus our results suggest evolutionary conservation of a role for calmodulin in membrane excitability and linked behavioral responses.
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The small calcium binding protein calmodulin has evolved to play a role in transducing changes in intracellular calcium levels into changes in cellular metabolism and behavior. Calmodulin has been found in essentially all eukaryotes examined and is believed to be present in all tissue types in vertebrates (for reviews, see refs. 1 and 2). Particularly high levels are found in neural tissues, indicating a dominant role for calmodulin in mediation of calcium signaling in the nervous system. Biochemical studies have uncovered a large number of enzymes and other proteins whose function is modified by binding of the calcium-saturated form of calmodulin, and many of these targets, including calmodulin-dependent protein kinase 11 (3) and calcineurin, a calmodulin-dependent protein phosphatase (4) , are concentrated in the nervous system. In vitro studies aimed at unraveling the mechanism by which calmodulin regulates its various targets are relatively well advanced (5, 6) .
Genetic studies, focused on dissecting calmodulin's functions in the context of the whole cell, were initiated more recently and are being actively pursued in several simple eukaryotes (7) (8) (9) (10) . Evidence that calmodulin regulates the cell cycle and related cytoskeletal functions (10) (11) (12) (13) (14) and ion channel activity (8, 15) has come from these studies. Interestingly, in the swimming protozoan Paramecium tetraurelia, the effects on ion channel activity have behavioral consequences. Mutations in calmodulin produce either exaggerated or diminished responses to potentially harmful stimuli, dependent upon whether the functioning of a Ca2+-activated K+ channel or a Ca2+-activated Na+ channel is affected.
In vertebrates, overexpression studies in transgenic mice have demonstrated an in vivo role for calmodulin in pancreatic
The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U.S.C. §1734 solely to indicate this fact. 2420 secretion and cardiomyocyte proliferation (16, 17) . However, the presence of three nonallelic calmodulin genes (18) that are coexpressed in several tissues (19) has severely limited the possibilities for genetic studies in these organisms. In contrast, Drosophila melanogaster contains a single gene for calmodulin (20, 21) and, thus, uniquely provides the opportunity for genetic analysis of calmodulin function in a complex multicellular organism. We report our isolation of a null mutation of the single Drosophila calmodulin (Cam) gene and initial investigations into its effects on development and cellular function throughout the life cycle. Although the null mutation is ultimately lethal, surprisingly, prior to death, the most obvious effects of loss of calmodulin function are behavioral ones, including an aberrant response (spontaneous avoidance behavior) that is remarkably similar to the phenotype produced by one class of calmodulin mutations in Paramecium.
MATERIALS AND METHODS
Generation of the Cam Null Mutation. A homozygous viable P-lacZ (w+) insertion (22) (Cam2 in Fig. 1 (12) (13) (14) (15) (16) h at 22°C) embryos from a balanced stock of the Camn339 mutation were hybridized with a calmodulin probe as described (23) .
Immunoblot Analysis. Larvae were prepared for SDS/ PAGE electrophoresis as described (24) . Immunoblots were prepared by using a calmodulin-specific protocol (25) and then cut in two for separate incubations with anti-tubulin (loading control) and anti-calmodulin (26) antibodies. Anti-,B-tubulin antibodies were obtained commercially (Amersham). Rabbit polyclonal antibodies were prepared against bacterially expressed Drosophila calmodulin (27) Locomotion. Larvae were washed extensively with distilled water and sorted into controls and Cam nulls as above. Individual larvae were placed in the center of a smooth 3% agarose layer in a 5.5-cm plastic Petri dish and video-recorded for 10 min. The total number of forward and backward movements was recorded during this period. To examine the effects of starvation upon locomotion, forward and backward contraction rates were determined for individual control and Cam null larvae immediately after hatching and washing. Larvae were then stored separately, without food, on moist agarose films prepared in distilled water, until retesting. For the control larvae, the average starvation time was 11 h and for the Cam nulls, it was 9 h. For contraction wave duration, the length of time taken for individual contraction waves to traverse the entire body length was determined from video recordings as described for feeding behavior.
Statistical Analysis. Two-tailed unpaired Student's t tests were used to assess the significance of differences between the control and Cam null animals.
RESULTS
Generation of a Calmodulin Null Mutation. We have identified a nonlethal P element insertion (22) that interrupts the Drosophila calmodulin gene at position -34 relative to the single transcription start site. Mobilization of this transposable element was used to generate deletions in the region of the transcription start site as a result of imprecise excision of the P insertion upon transposition. Among the new lethal mutations generated, Camn339 was identified by genomic DNA analysis as a small deletion that removes the first two exons of the gene and short stretches of the 5' flank and second intron ( Fig. 1 ).
High levels of calmodulin mRNA are present in early Drosophila embryos as a result of deposition of calmodulin transcripts into the developing egg chamber during oogenesis (23) . These maternally derived transcripts disappear by the time embryonic development is about one-third completed. Surprisingly, however, beyond this time point, zygotic transcription of the calmodulin gene is activated only in one particular subset of cells-the neuroblasts destined to form the peripheral and central nervous systems (23) . Transcription continues in the neural lineages until the end of embryogenesis so that in late embryos, essentially all neurons show high levels of calmodulin mRNA. Although maternal mRNA is initially present, calmodulin transcripts are never detected in the neural lineages of Camn339 homozygous embryos ( Fig. 2A) this stage. Unlike their heterozygous siblings, the Camn339 homozygous larvae fail to grow and die within 48 h of hatching.
Behavioral Effects of the Cam"339 Null Mutation. The external morphology of Cam null larvae proved normal, but aberrancies in locomotion were immediately obvious and led us to behavioral studies. Both feeding and locomotor behaviors were examined by using the heterozygous siblings of the Cam null larvae as controls. We identified two types of movement associated with feeding in wild-type Drosophila larvae. Food is scraped to the mouth by a repetitive movement that has been studied and termed head shoveling (28) . This rhythmic feeding is occasionally interrupted by a movement we have termed head swinging that involves sweeping the head and anterior body in a wide arc. We have found no previous descriptions of head swinging in Drosophila, but given that it is elicited by food, we suspect it represents appetitive behavior-perhaps associated with collection of chemosensory signals. Head shoveling rates for Cam null larvae proved indistinguishable from those of the controls (Fig. 3A) , although it remains possible that Cam null larvae ingest less food (see below (Fig. 3D) . This difference is largely due to a 3-fold increase in head swing initiation (Fig. 3B) since the duration of individual head swings is only slightly longer in Cam null larvae (Fig. 3C) .
We wished to examine locomotion in a relatively stimulusfree environment and, therefore, movement on a surface devoid of mechanical obstacles and food was examined. Under these conditions, wild-type Drosophila larvae and the heterozygous siblings of Cam nulls show continuous forward movement as a result of cycles of contractions initiated in the posterior abdominal segments. Backward movement as a result of contractions initiated at the anterior is essentially absent under the test conditions (Fig. 4B ) but can be elicited by mechanical contact to the anterior body. Typically such contact elicits a few backward contractions, reorientation of the body, and then resumption of continuous forward movement. The behavior of the Cam null larvae is markedly different. First, there is an significant decrease in the total number of contraction waves seen in a 10-min test period to a value 25-52% of the control (Fig. 4 A and C) . This decrease results from a lower frequency of contraction initiation, since the time taken for an individual contraction wave to traverse the entire body length is similar in control and Cam null larvae (Fig. 4D) . However, the more striking defect in the Cam nulls emerges when direction of contraction is considered. In Cam null larvae, most contractions (55-72%) are initiated at the anterior to produce backward locomotion (Fig. 4 B and C) . As shown in Fig. 4D , these backward contractions take approximately the same length of time to traverse the animal as the forward contractions in both control and Cam null larvae.
To distinguish Camn339 homozygous larvae from their heterozygous siblings, a genotypic difference between these two classes of progeny was introduced at the yellow locus so that the homozygous Cam null larvae were also homozygous y-, whereas their siblings carried one wild-type copy of the yellow gene. Observation of y-larvae and of several further genotypes established, however, that the behavioral defects detected result from loss of Cam gene function and not this, or any other, potential genetic difference, between the Camn339 null larvae and the control animals. Thus y-larvae or larvae homozygous for the parent chromosome of the Camn339 mutation are normal with respect to these behaviors. More importantly the behavioral defects are also seen for (i) two further RNA null alleles of the Cam locus generated by independent imprecise excision of the same P element and (ii) for larvae heterozygous for the Camn339 mutation and a chromosome carrying a deficiency, termed CB21, that spans the locus. We generated the CB21 deficiency, which deletes chromosome region 48F and parts of 48E and 49A, by y-rayinduced deletion of a P element inserted in 49A (30) .
Although the behavioral defects are clearly the result of mutating the Cam gene, it still seemed possible that they might represent rather nonspecific responses that could be elicited by mutation of a number of other genes. To assess how specific spontaneous backward locomotion is for loss of calmodulin function, first instar larvae homozygous for a strong hypomorphic mutation of the catalytic subunit of cAMP-regulated protein kinase (PKA) were studied. PKA mutant larvae were considered a good control for specificity since they represent animals defective in an alternative second messenger system and strong hypomorphic and null PKA mutants and Cam null mutants die at a similar developmental stage, with potentially similar locomotor defects (31). On examination, the PKA mutant larvae showed a reduction in total contraction rate that is comparable to that for the Cam null larvae (Fig. 4A) and PKA mutant larvae is seen: no backward movements are seen for PKA mutant larvae (Fig. 4 A and B) .
Yeast paste colored strongly with food dye was used to establish that Cam null larvae do indeed ingest food and generate fecal trails. However, despite this evidence of food processing, it still seemed possible that Cam null larvae might be undernourished, perhaps from inadequate feeding or from impaired absorption from the gut. Starvation as a potential cause of the aberrant backward locomotion was, therefore, examined by testing control and Cam null larvae immediately after hatching and after 9-11 h without food. As shown in Fig.  4D , the backward contraction rate is significantly greater before starvation, suggesting that starvation actually interferes somewhat with expression of backward locomotion.
Several morphological parameters were investigated to determine whether the aberrant behavioral traits might have their origins in structural abnormalities. The organization of the first instar larval body wall musculature was examined by polarized light (32) and the neuromuscular junctions were visualized and studied at the end of embryogenesis by staining with antibodies to fasciculin II (33) . Both these structural features proved normal in Cam null animals (data not shown). The gross structure and organization of the entire nervous system was also investigated by staining at the end of embryogenesis with antibody 22C10 (34) . Overall, the structure and differentiation of both the central and peripheral nervous systems seemed normal for the Cam null animals (data not shown). Thus, the spontaneous avoidance behavior seen in these animals does not originate from any obvious morphological defects in the neuromuscular apparatus that produces locomotion.
DISCUSSION
Our studies demonstrate that two behavioral abnormalitiesspontaneous avoidance behavior and increased head swinging-are specifically produced by loss of calmodulin function in Drosophila. No obvious morphological defects are associated with these aberrancies and both involve more frequent initiation of stereotypic movements with little change in the quality or duration of the movements per se. These observations suggest that regulatory functions in the neuronal circuitry controlling behavior are altered and that thresholds governing the triggering of these behaviors are somehow lowered in Cam null larvae.
Given the major role of calmodulin in intracellular signaling, it seems likely that calmodulin has multiple functions during Drosophila embryogenesis. Thus, our finding that Cam null individuals develop normally and hatch as larvae that show behavioral, as opposed to morphological, defects is initially surprising. However, our data indicate that the unusual regulation of calmodulin protein turnover during embryogenesis and early larval life is the source of these observations. All the morphological events of early embryogenesis are fueled by a maternal supply of calmodulin that is maintained until the perihatching period. As a result, a normal larva is produced and the immediate defects seen upon hatching reflect instead the functional roles of calmodulin in a structurally intact animal. Our previous studies (23) embryogenesis, calmodulin transcription is only activated in the nervous system, and thus it is not surprising that the initial physiological abnormalities involve defects in neural function.
Although the immediate defects seen in Cam null first instar larvae are behavioral, it is clear that the considerable growth and development normally initiated at this stage are absent in these animals and that ultimately death ensues. As yet we have no insight into which critical calmodulin-regulated events underlie these developmental failures. Most of the growth of the first instar larva is through cell enlargement and nuclear polyploidization, as opposed to normal division cycles to generate more cells. Thus the known roles of calmodulin in the cell cycle (35) are not necessarily implicated in the demise of the organism.
Our discovery of spontaneous avoidance behavior in Cam null larvae has striking parallels with findings for the unicellular organism Paramecium tetraurelia. Two behavioral phenotypes associated with calmodulin mutations have been identified in this organism and each has proved to result from mutations in only one of the two terminal lobes of calmodulin. Thus amino acid changes in the N-terminal lobe of calmodulin produce underresponsiveness to potentially harmful stimuli, whereas mutations in the C-terminal lobe produce exaggerated and more frequent avoidance responses (15) . Interestingly, these two phenotypes result from effects on two different ion channels (36, 37) . N-terminal mutations inactivate a Ca2+_ activated Na+ channel required for plasma membrane depolarization and initiation of a behavioral response. C-terminal mutations incapacitate a Ca2+-activated K+ channel required for membrane repolarization and cessation of the avoidance response.
Recent experiments with Paramecium have examined the effects of reducing the levels of wild-type calmodulin with antisense oligonucleotides (38) . Lowering calmodulin levels to 30-50% of wild-type values produces the underresponsive phenotype associated with the Na+-channel defect, but further reduction to below 30% of wild-type levels produces the overresponsive phenotype associated with loss of the K+ channel (D. Fraga and R. Hinrichsen, personal communication). Preliminary quantitation of our Western blots indicates that the maximum levels of calmodulin seen in Cam null larvae are about 35% those of heterozygous siblings and, therefore, predictably about 17% of the homozygous wild-type value. Thus, our finding that these reduced levels produce spontaneous avoidance behavior correlates well with the results for Paramecium. Maternal calmodulin may be lost at different rates from the various cell types of the mature embryo/first instar larva, potentially resulting in different calmodulin levels in different elements of the nervous system. This possibility allows the speculation that the overall sluggishness and reduced initiation of forward contractions also seen in Cam null larvae might represent a defect comparable to the underresponsive phenotype described above for Paramecium and associated with smaller decreases in calmodulin levels. However, the appearance of this phenotype in PKA mutant larvae suggests that sluggishness is a more generalized response with several possible origins. In Paramecium, the exaggerated avoidance responses seen in calmodulin mutants reflect a general increase in membrane excitability as a result of failure to maintain stable membrane polarity. Both the spontaneous avoidance behavior and the increased head swinging we describe here for Drosophila calmodulin mutants can be interpreted as symptoms of increased neuronal excitability. Thus, the comparison of the two organisms suggests evolutionarily conserved roles for calmodulin in maintaining membrane polarity and determining membrane excitability, presumably through regulation of ion channel activity. It is interesting to consider further whether conserved ion channels that show identical calmodulin regulation might be present in the two organisms. In Paramecium, there is evidence that calmodulin regulation of the Ca21-activated Na+ channel is mediated via direct binding to the channel (39) . The role of calmodulin in regulating the Ca2+-activated K+ channel appears to be more indirect, however (37) . To date, a single Ca2+-activated K+ channel has been isolated in Drosophila (40) but there is no evidence that it is regulated by calmodulin. There is, however, evidence that another Drosophila K+ channel subtype (eag) is indirectly regulated by calmodulin as a result of phosphorylation by calcium/calmodulin-dependent protein kinase 11 (41) . Electrophysiological studies of Cam mutant larvae currently in progress should provide further insight into potential roles of calmodulin in regulating ion channel behavior in Drosophila.
